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There are many mechanical stimulation receptors and sensory nerve endings in human skin, which are the important tools in tactile perception.
It is a complex process for human to perceive objects and friction relative motion plays an important role during this process. When human’s
ﬁngertips friction against objects, they will produce compression and tensile mechanical deformation, which can stimulate the mechanical
stimulation receptors in ﬁngertip skin to produce corresponding action potentials and impulses signals. The signals which contain object’s
physical properties are transmitted to cerebral cortex by nervous system, thus the shape and surface texture of objects are perceived. Thus the
friction between the ﬁngertip and object is an important factor to perceive objects. There exist positive connection between friction and tactile
perception. However, limited quantitative parameters can be used to evaluate the perception, and they have rarely been studied scientiﬁcally. In
this paper, the friction perceptions of ﬁngertip skin rubbing against different roughness sandpapers were studied by biofeedback of frictional
signals, physiological and psychological responses. An UMT-II tribometer was used to measure tribological parameters of the ﬁngertip, and
corresponding physiological response of electroencephalogram (EEG) signals were monitored by using a Physiological Monitoring and Feedback
Instrument (NeXus-10) with BioTraceþsoftware. The psychological responses were scored according to the volunteer’s perception during
friction tests. The correlation models among the perception of ﬁngertip, friction coefﬁcient and EEG signals were established by applying
regression analysis method. Results showed that the friction coefﬁcient, amplitudes of EEG signals and psychological responses increased with
the roughness of sandpapers increasing. There existed a signiﬁcant correlation among the friction perception of different surface roughness,
friction coefﬁcient and amplitudes of EEG signals. By using this method, the perception of ﬁngertip skin for different roughness surface during
friction can be evaluated quantitatively.
& 2015 Southwest Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Tactile sense of skin is produced by contacting with the
external environment, which is a response to mechanical
stimulations such as contact, sliding, pressure, etc [1]. There
are many mechanical stimulation receptors and sensory nerve
endings embedded in human skin, which are the important
tools in tactile perception. It is a complex process for human to
perceive objects and friction relative motion plays an important/10.1016/j.bsbt.2015.11.004
15 Southwest Jiaotong University. Production and hosting by Else
mmons.org/licenses/by-nc-nd/4.0/).
g author. Tel.: þ86 28 87600971; fax: þ86 28 87603142.
ss: zrzhou@home.swjtu.edu.cn (Z.R. Zhou).
nder responsibility of Southwest Jiaotong University.role during this process [2,3]. Finger skin is the most frequent
contact with the external environment, and it is also the most
sensitive parts of tactile sense. When ﬁngertips friction contact
against objects, they will produce compression and tensile
mechanical deformation due to friction relative motion, which
can stimulate the mechanical stimulation receptors in ﬁngertip
skin to produce corresponding action potentials and impulses
signals. The signals which contain object’s physical properties
are transmitted to cerebral cortex by nervous system, thus the
shape and surface texture of objects are perceived. Therefore,
the friction between the ﬁngertip and object is an important
factor to perceive objects. There exist positive connection
between friction and tactile perception.vier B.V. This is an open access article under the CC BY-NC-ND license
Table 1
Volunteer proﬁle.
Gender Number Age (year) Weight (kg) Height (cm)
Male 3 2572 61.574 17372
Female 3 2571 51.272 16072
W. Li et al. / Biosurface and Biotribology 1 (2015) 278–286 279In recent years, a lot of experimental studies focused on the
friction between ﬁnger and objects. For dry ﬁnger pads, the
dynamic friction coefﬁcients between the human ﬁnger and ﬂat
materials surfaces typically range from 0.2 to 1.75, measured
by means of force plates or analogous measurement systems
[4–10]. In the majority of the studies, ﬁnger friction was
measured at normal forces below 5 N, covering the typical
range which is used for the tactile assessment of surfaces. As
we have considered, the surface properties of materials and
objects are essential for the tactile properties of skin. Lisa
skedung [11] inquired the feeling judgments of the participants
by touching 21 different kinds of printing paper and found the
surface roughness played a dominant role in tactile sense. The
friction and thermal conductivity were much more important to
identify the good hand feelings for printing paper. Xavier [12]
examined the relationship between the tactile roughness
discrimination threshold (TRDT) and the tactile spatial resolu-
tion threshold (TSRT) at the index ﬁngertip contacting with
two sets of six different sandpaper grits and found there was no
signiﬁcant correlation between TRDT and TRST performance.
The results supported the theory that the neural mechanisms
underlying the perception of tactile roughness discrimination
for ﬁne textures differ from those involved in spatial resolution
acuity. Miyashita [13] measured the physical properties of
thermal conductivity, surface energy and roughness parameters
of different materials and pointed out that these physical
properties could affect the warm feeling in the process of
touch. Kim [14] studied the relationship among the human
tactile sensitivity, the vibration amplitude and frequency and
reported that the changes of skin vibration amplitude and
frequency will affect subjects’ resolution degree on the rough-
ness of hard texture surface. Ramona [15] also found that the
friction induced vibrations of surface roughness can affect the
tactile perception. On the investigation of the tactile sensation
during friction contact, some studies reported that soft and
smooth materials were regarded as comfortable, those that
were stiff, rough, or coarse as uncomfortable [16–18]. Cadoret
[19] reported the generally unpleasant sensations associated
with manipulation of sticky or greasy surfaces may be due to
the unusually strong or weak tangential force signals, which
would ultimately interfere with estimating the frictional
properties of manipulated object. In our previous study [20],
the tactile sensations of human volar forearm skin have been
assessed quantitatively during friction testing by using the
friction signals and physiological signals of conductance,
temperature, and electroencephalography (EEG). The friction
force, amplitudes of EEG signals, skin conductance, skin
temperature and psychological responses increased with the
normal force increasing. The results indicated the discomfort
sensations of human skin were strongly related to friction
conditions, which intensiﬁed under the large normal force and
long friction time, and gradually weakened with the number of
tests increasing. We also investigated the discomfort percep-
tions among different gender and found that the discomfort
sensations of female were stronger than those of male during
the same friction testing [21]. In order to evaluate the
discomfort perception more accurately, we constructed amodel equation based on the partial least-squares regression,
which illustrated the relationship of human discomfort sensa-
tion versus physiological indices and tribological stimulus and
could assess quantitatively the tactile sensations of skin to a
certain extent [22].
The perception of roughness is very important in our life,
which is directly related to people's comfort sensations for the
objects with different roughness. Although we have done a lot
of research on the skin friction, the quantitative evaluation of
skin tactile perception has not been solved. Consequently, in
this paper, the friction perceptions of ﬁngertip skin rubbing
against different roughness sandpapers were studied by bio-
feedback of frictional signals, physiological and psychological
responses. An UMT-II tribometer was used to measure
tribological parameters of the ﬁngertip, and corresponding
physiological response of electroencephalogram (EEG) signals
were monitored by using a Physiological Monitoring and
Feedback Instrument (NeXus-10) with BioTraceþsoftware.
The psychological responses were scored according to the
volunteer’s perception during friction tests. The correlation
models among the perception of ﬁngertip, friction coefﬁcient
and EEG signals were established by applying regression
analysis method. The purpose was to explore a new method to
evaluate quantitatively the perception of ﬁngertip skin con-
tacting with different roughness surface.
2 Materials and methods
2.1 Skin samples and counterpart material
Considering that the index ﬁnger skin is the most frequent
contact site with the external environment in daily life, it was
chosen for the tests. Six adult volunteers who have healthy and
normal index ﬁnger skin took part in the experiment. The
volunteers’ proﬁles are listed in Table 1. All volunteers
approved the experimental protocols. For each volunteer, the
right index ﬁngertip was selected as test site, which was not
applied any chemical/cosmetic substances one day before
testing in order to retain natural skin conditions. The test site
was cleaned with conventional shampoo followed by water
rinse, then was wiped dry with a lint-free towel and cleaned
again with alcohol. The volunteers were physically inactive for
at least 20 min before each friction and physiological testing.
The counterpart materials were sandpapers with four kinds of
surface roughness. All sandpaper samples was a square with length
of the side of 10 cm. The typical surface morphologies of the
sandpapers examined by using a laser confocal scanning micro-
scope (OLYMPUS OLS 1100) are shown in Fig. 1, and their 3-D
surface morphology and roughness parameters of skin surface
Fig. 1. Typical 3-D morphologies and roughness of different sandpapers.
Fig. 2. Finger connector and setup with sandpaper and ﬁnger samples.
W. Li et al. / Biosurface and Biotribology 1 (2015) 278–286280texture were calculated within areas of 1.28 1.28 mm2 by the
software associated with the microscope. The mean surface
roughness values (SRa) and standard deviations (S.D.) of the
four kinds of sandpapers from small to large were
(a) 2.31770.283 mm, (b) 6.23870.532 mm, (c) 17.54172.358
mm and (d) 52.37074.739 mm, respectively.
2.2 Friction test
Friction tests were conducted in vivo in a ﬂat-on-ﬂat
conﬁguration, and a reciprocating sliding wear mode was
selected to simulate the ﬁngers contacting with the external
environment. The UMT series multi-specimen Biomedical
Micro-Tribometer (UMT-II, CETR corporation, Campbell,
CA, USA) was used to measure tribological parameters of
the ﬁngertip touching with different surface roughness sand-
papers. The sandpaper was at the bottom stage of the
instrument. In order to make sure that the ﬁnger can keep a
ﬁxed position in the process of reciprocating slidingmovement, a ﬁnger connector was designed to ﬁx the ﬁnger,
as shown in Fig. 2. The vertical tube of the connector was
connected with a strain gauge-based force sensor of the UMT-
II, and the inclined tube was used to hold the ﬁnger. Before the
experiment, the volunteers put their right index ﬁngers into the
inclined tube, and the top of ﬁngertip arrived in the silica gel
pad attached to the bottom of the vertical tube. When testing,
the silica gel pad was pressed onto the top of ﬁngertip under a
programmed normal force to make sure that the index ﬁnger
kept an angle of 301 with the horizontal sandpaper, which
ensure the ﬁngertip can keep a constant contact area with the
sandpaper. The normal force Fn applied on the ﬁngertip was
2 N, the reciprocating displacement D was 736 mm, the
sliding speed was 4 mm/s and the number of reciprocating
cycles was 16, corresponding to 5 minutes. All tests were
performed at a temperature of 2072 1C and a relative
humidity of 7075%. Due to the sandpaper will cause mild
wear on the volunteer’s ﬁngertip skin in the experiment, every
volunteer only touched one sandpaper sample every day, and
Fig. 3. Variations of the ﬁngertip friction force and friction coefﬁcient, (a) typical variations of the ﬁngertip friction force and (b) average friction coefﬁcients and
deviations of all volunteers’ ﬁngertips contact with different roughness of sandpapers.
W. Li et al. / Biosurface and Biotribology 1 (2015) 278–286 281one sample will be touched three times repeatedly. The time
interval between two tests was 20 min.
2.3 Quantitative assessment of friction perception responses
The friction perception responses were evaluated physiolo-
gically and psychologically, respectively. The physiological
stimulus of pressure, tangential force, pain and heat during
skin friction are often transmitted to the brain, and these
stimulus signals can be output by electroencephalogram (EEG)
[23]. So the EEG signals can reveal the physiological response
of friction perception, which were monitored by using a
Physiological Monitoring and Feedback Instrument (NeXus-
10) with BioTraceþsoftware. The test method can refer to our
previous study [20]. The ends of EEG sensors were posted on
the head of volunteer. First of all, the EEG signals of each
volunteer were detected when the volunteer was physically
inactive and in relaxed state, which was for comparison. Then,
the physiological signals were detected with the friction testing
at the same time. Using the ﬁltered waves, the amplitude of
Theta A (left brain signal) and B (right brain signal) is derived
from the Theta wave, which is computed 32 times per second.
The psychological responses were scored according to the
volunteer’s perception during friction tests. A comfort evalua-
tion scale was established to train the roughness awareness of
the six volunteers. The score was set from 0 to 10 points. The
friction perception was recorded as 0 point when ﬁnger touch
the printing paper, while it was recorded as 10 point when
ﬁnger touch the very rough sandpaper with the roughness of
65.478 mm. The scores about the four kinds of surface rough-
ness’ sandpapers tested in the present study were between
0 and 10 point. The Volunteers judged the scores according to
the roughness of sandpaper during the friction test.
2.4 Ridge regression analysis method
The correlation models among the friction perception
responses of ﬁngertip, friction coefﬁcient and EEG signalswere established by applying regression analysis method [24].
Ridge regression is devoted to the analysis of linear data and
fewer sample points. This method introduces a small ridge
parameter K (k40) to the independent variable correlation
matrix, and adds it to the main diagonal elements, which can
reduce the inﬂuence of multiple collinear feature vectors in the
least square parameter estimation and make the parameter
estimation more close to the real value. In the present study,
the MATLAB programming language was used to realize the
calculation of ridge regression and the test of regression model.3 Results and discussion
3.1 Frictional behavior
The typical variation of the ﬁngertip friction force of one
volunteer at the ﬁrst 9 cycles is shown in Fig. 3(a). Due to the
texture structure of ﬁnger skin and rough sandpaper surface,
the friction force showed obvious ﬂuctuation in each recipro-
cating cycle. Fig. 4 shows the typical surface morphology
change of ﬁngertip before and after the friction test. After
about the ﬁrst 4 to 5 cycles, the aging cutin layer on the
ﬁngertip began to be ground down. The ground cuticle detritus
can enhance the frictional resistance between the ﬁngertip and
the sandpaper, thus the friction force revealed a slight increase
after about 6 cycles in Fig. 3(a). After about 5 min friction test,
different amounts of cuticle debris on the ﬁngertip can be
observed. Fig. 4(b) shows the typical cuticle debris of ﬁngertip
rubbed with the largest roughness of sandpaper sampled.
The mean friction coefﬁcient values and deviations of all
volunteers’ ﬁngertips contact with different roughness of
sandpapers are provided in Fig. 3(b). The mean friction
coefﬁcient enhanced gradually with the surface roughness of
sandpapers increasing. The surface of sandpaper is made up of
many uneven sizes of particles. The surface roughness of
sandpapers increases when the particles size largen. When the
ﬁngertip touch the sandpaper, some of the skin will be
embedded into the gap between particles due to the normal
W. Li et al. / Biosurface and Biotribology 1 (2015) 278–286282pressure. The larger the particles on the sandpaper surface, the
deeper the ﬁnger skin embedded into, which could enhance the
frictional resistance needed to be overcome when the relative
motion happened between the ﬁngertip and sandpaper. There-
fore, the friction coefﬁcient increased when the ﬁngertip
slipped on the rough surface sandpaper.3.2 Friction perception evaluation
3.2.1 Physiological responses
The physiological responses for friction perception were
evaluated by the amplitudes of EEG. Fig. 5 gives the typical
variations of amplitudes of EEG A (left brain) signals over
time when one of the volunteers’ left brain in a relaxed state
and in the friction process with ﬁngertip slipping on the rough
sandpaper surface. In comparison to the EEG A signals of
relaxed state, the amplitudes of EEG A signals obviously
increased during the friction tests, which can determine the
volunteer’s friction perception have great changes when
contacting with coarse surface. When the ﬁngertips slipped
on the different roughness of sandpapers surface, the variations
of mean amplitudes of all volunteers’ EEG A and B are shown
in Fig. 6(a), and the mean wave crest numbers which theta
amplitudes were greater than 50 are shown in Fig. 6(b). With
the roughness surface of sandpapers increasing, the amplitudesFig. 4. Typical surface morphology change of ﬁngertip before and after the
friction test, observed by using a stereoscopic microscope, (a) before test and
(b) after test.
Fig. 5. Typical variations of amplitudes of EEG signals,gradually enhanced and the wave crest number gradually
increased.
3.2.2 Psychological responses
The psychological responses were characterized qualita-
tively according to the volunteer’s perception during friction
tests. Based on the comfort evaluation scale from 1 to 10 score,
the friction perception scores of all volunteers’ ﬁngertips
during rubbing against the four kinds of sandpaper are shown
in Fig. 7. It is clear that the friction perception scores of all
volunteers rose with the roughness surface of sandpapers
increasing, which were in accord with the physiological
response of EEG. Table 1 lists the surface roughness of
4 sandpapers and the mean friction perception scores of all
volunteers’ ﬁngertips contacting with the 4 sandpapers. The
correlation coefﬁcient between the two groups of data was up
to 0.989 by the correlation coefﬁcient testing, which indicated
that the subjective feeling of volunteers can directly reﬂect the
surface conditions of object.
3.3 Ridge regression analysis
3.3.1 Data correlation analysis
48 groups of data have been got by selecting two repeat test
date of each volunteer under the same experiment condition, in
which the friction perception scores was selected as the
dependent variable, the left (EEG A) and right (EEG B) brain
wave amplitude, high amplitude wave crest numbers of EEG
signals, and friction coefﬁcient were independent variable.
Some of these data are shown in Table 2. In these data, 36
groups of data were chosen as the sample data for regression
analysis, the other 12 groups of data were used for the
veriﬁcation of the regression model.
The correlation between independent variables must ﬁrst be
determined in the regression analysis. In the present study, the
correlation of independent variables was calculated by using
the expansion coefﬁcient of variance method [25]. The
variance inﬂation factor (VIF) and tolerance among the
independent variables are listed in Table 3. All the VIF values(a) in a relaxed state and (b) in the friction process.
Fig. 6. Mean amplitudes and mean wave crest numbers of EEG signals of all volunteers’ ﬁngertips contacting with different roughness of sandpapers, (a) amplitude
of EEG signals and (b) wave number of high amplitude.
Fig. 7. Friction perception scores of all volunteers’ ﬁngertips contacting with different roughness of sandpapers.
Table 2
Correlation between surface roughness of sandpapers and friction perception scores.
Sandpaper sample number a b c d
Surface roughness of sandpapers, um 2.31770.283 6.23870.532 17.54172.358 52.37074.739
Mean friction perception scores 2.6870.53 3.9370.48 6.2370.61 8.4770.74
Correlation coefﬁcient 0.989
W. Li et al. / Biosurface and Biotribology 1 (2015) 278–286 283of the ﬁve independent variables were larger than 10, and the
largest was as high as 79.177, which indicated that there were
serious multicollinearity among the independent variables.
Thus, the ridge regression method was used to calculate the
correlation models of independent variables Table 4.
3.3.2 Ridge regression modeling
The ridge M function program in the MATLAB software
was used to accomplish the analysis and calculation of ridge
regression [26]. The main calculation principle includes thestandardization transformation matrix between independent
variable and dependent variable, and adding pseudo sample
data to the transformed matrix. The standard ridge regression
coefﬁcient under the different values of ridge coefﬁcient K can
be obtained by ﬁtting multiple linear regression equation.
According to the calculation results, the ridge trace for
standard ridge regression coefﬁcient was drawn out, as shown
in Fig. 7. It can be seen the regression coefﬁcient begin to
stabilize when kZ0.5. So we choose the k¼0.6, the standar-
dized ridge regression equation for the friction perception
5Table 4
Variance inﬂation factor (VIF) and tolerance among the independent variables.
Independent variable x1 x2 x3 x4 x5
VIF 41.517 79.177 36.137 76.346 13.462
Tolerance 0.024 0.013 0.028 0.013 0.074
Fig. 8. Ridge trace for standard regression coefﬁcient.
Table 3
Statistics of the experimental data (Part of the data).
Friction
perception
scores
Wave
amplitude
of EEG A
Wave
number
of EEG A
Wave
amplitude
of EEG B
Wave
number
of EEG A
Friction
coefﬁcient
y x1 x2 x3 x4 x5
2.5 66.76 40 68.48 39 0.33
3.0 64.50 39 60.40 37 0.32
2.8 71.42 39 66.75 41 0.34
3.5 73.56 41 75.07 44 0.32
2.0 60.22 28 56.71 32 0.31
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y¼ 0:1723x1þ0:1887x2þ0:1621x3þ0:1660x4þ0:1943x5
ð1Þ
Removing the standardization for the above equation [24],
the ridge regression equation of ﬁve dependent variables about
tactile perception for different roughness surfaces was ﬁnally
got as follow:
y¼ 0:021x1þ0:0193x2þ0:0079x30:0032x4þ4:5252x51:57
ð2Þ
3.3.3 Ridge regression model test
Fig. 8 illustrates the comparison between the experiments
data of the group 38–47 and the calculated values of the ridge
regression model. The goodness-of-ﬁt R2 of the experiments
data and calculated values was 82.48%, which showed a good
ﬁt. The ridge regression model was an effective mathematicalmodel to estimate quantitatively the friction perception for
different roughness surfaces Fig. 9.4 Discussion
The human touch is a combination of mechanical sense [3],
it includes the stimulation pattern on the skin and the response
induced by mechanical stimulation of the receptor. When the
subjects touched different roughness of the sandpaper, the
friction coefﬁcient increased with the surface roughness of
sandpapers increasing. This is due to the larger particles on the
coarse sandpaper surface rose the deformation of the ﬁngertip,
which could enhance the frictional resistance when the
ﬁngertip slipped over sandpaper surface.
Skin is particularly receptive to a wide range of physiological
stimulus such as pain, temperature, pressure, vibration, and so on.
The physiological stimulation signals can be transmitted through
the nervous system to the brain, and sequentially induce the change
of brain electric potential. The brain electric potential signal can be
recorded by electroencephalogram (EEG), which is an important
information source of investigating the brain action [27]. The
establishment of the EEG monitoring and the analysis technology
provides an important and effective method for the study of cortical
activity [23]. From the results of EEG monitoring signal, it can be
seen both the amplitude of brain wave and the number of high
amplitude wave enhanced with the increasing roughness surface of
sandpapers. This is because the surface of the sandpapers is uneven
and the different geometry micro convex particles could change the
vibration frequency during friction. The larger micro convex
particles could increase the vibration frequency when ﬁngertip slid
on the sandpapers, which induced the stimulus feel of the ﬁngertip
mechanoreceptors enhancing, so the cerebral cortex would be
active relatively and the electrical signal in the cerebral cortex
would increase. Thus, the changes of EEG can reﬂect the stimulus
conditions objectively. The amplitude of EEG and the number of
high amplitude wave can characterize the relationship between the
friction stimulus in the process of touching sample and the subjects'
perception of roughness.
The friction coefﬁcient, amplitudes of EEG signals and psycho-
logical responses reveal good consistency. They all enhanced with
the roughness of sandpapers increasing. From the analysis of
regression coefﬁcients of every dependent variable in the ridge
regression equation (2), it can be seen the effect of friction
coefﬁcient was the biggest, which demonstrated that the friction
movement played an important role in the tactile perception for
different roughness surfaces. The effects of other coefﬁcients of
EEG signals on the perception were relatively weaker. In addition,
the coefﬁcient of high amplitude wave number of EEG B was
negatively related to the perception. It may be that the inﬂuence
factors of EEG signals were very complex. Since there was a
certain degree of correlation between independent variables, its
effect on the dependent variable has been embodied in the other
variables. In general, the goodness-of-ﬁt of the ridge regression
model achieved to 82.48%, which showed a good ﬁt compared
with the experiments data. Thus, it provides the guidance and basis
for the quantitative evaluation of friction perception.
((
Fig. 9. Comparison for the friction perception scores between the experimental results and the calculated values of the ridge regression model.
W. Li et al. / Biosurface and Biotribology 1 (2015) 278–286 285The present study tries to explore an effective method to
evaluate quantitatively the perception of ﬁngertip skin contacting
with different roughness surface. However, the probe into the
human sense of touch is more difﬁcult, and the statistically
signiﬁcant interactions between materials, skin sites, velocities,
forces, and subject sex attest to the complexity of the percept [28].
Thus, future research on the tactile perception should be associated
with these factors, and need to inspect skin contact comfort with
daily necessities and develop applications in robotics, aiming at a
realistic simulation of sensory tasks and object manipulation by
means of artiﬁcial systems.5 Conclusion
The friction perceptions of ﬁngertip skin rubbing against
different roughness sandpapers were studied by biofeedback of
frictional signals, physiological and psychological responses.
Based on the given test conditions, the conclusions can be
summarized as follows:
1) The friction coefﬁcient, amplitudes of EEG signals and
psychological responses increased with the roughness of
sandpapers increasing. The psychological responses were in
accord with the physiological ones.
2) The correlation models among the perception of ﬁngertip,
friction coefﬁcient and EEG signals were established by
applying regression analysis method, which showed a good
ﬁt compared with the experiments data.Acknowledgments
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